Scrotal hypothermia is essential for normal spermatogenesis, and temporal heat stress causes a reversible disruption of the blood-testis barrier (BTB). Previous studies have shown that androgen receptor (AR) expression in primary monkey Sertoli cells (SCs) was dramatically reduced after temporary heat treatment. However, the mechanisms underlying the heatinduced reversible disruption of the BTB, including whether it is directly regulated by the AR, remain largely unknown. In this study, we demonstrated that the AR acts upstream to regulate the heat-induced reversible change in the BTB in mice. When the AR was overexpressed in SCs using an adenovirus, the heat stress-induced down-regulation of BTB-associated proteins (zonula occludens-1, N-cadherin, E-cadherin, alpha-catenin, and beta-catenin) was partially rescued. AR knockdown by RNA interference or treatment with flutamide (an AR antagonist) in SCs inhibited the recovery of BTB-associated protein expression after 438C heat treatment for 30 min. The results of an in vivo AR antagonist injection experiment further showed that the recovery of BTB permeability induced by temporal heat stress was regulated by the AR. Furthermore, we observed that the colocalization and interactions of partitioning-defective protein (Par) 6-Par3-aPKC-Cdc42 polarity complex components were disrupted in both AR-knockdown and heat-induced SCs. AR overexpression in SCs prevented the disruption of these protein-protein interactions after heat treatment. AR knockdown or treatment with flutamide in SCs inhibited the restoration of these protein-protein interactions after heat treatment compared with heat treatment alone. Together, these results demonstrate that the AR plays a crucial role in the heat-induced reversible change in BTB via the Par polarity complex.
INTRODUCTION
In most mammals, normal spermatogenesis occurs continuously in the testes, which are located in the scrotum. The temperature in the scrotum is lower than that of the abdominal cavity [1] . Hyperthermia increases germ cell apoptosis and subsequent spermatogenesis failure [2, 3] . In the testes, Sertoli cells (SCs) interact directly with germ cells to provide structural and nutritional support for spermatogenesis [4] . The blood-testis barrier (BTB), at the basement of two adjacent SCs, is composed of coexisting tight junctions (TJs), basal ectoplasmic specializations (ESs), gap junctions, and desmosome-like junctions, and it segregates the developing germ cells into an immunologically privileged adluminal compartment [5, 6] . TJs contain three integral membrane proteins, namely occludins, claudins, and junction adhesion molecules (JAMs) , that are bound to intracellular plaque proteins (e.g., zonula occludens-1 [ZO-1]) and tether TJ proteins to the actin cytoskeleton [7] . Intracellularly, E-and N-cadherins interact with b-or c-catenin to form the cadherin/catenin complex to regulate cell adhesive function and serve as linkers to acatenin, which in turn conjugates the complex to the actin cytoskeleton [8] . Several studies have shown that the loss of BTB integrity is accompanied by reductions in the expression levels of BTB-associated proteins, such as occludin, ZO-1, and N-cadherin [9] [10] [11] [12] . Our previous studies have demonstrated that heat stress triggers reversible SC dedifferentiation [13, 14] and ultrastructural damage to the BTB due to changes in multiple BTB-associated proteins [15, 16] . However, the upstream regulators involved in the heat response and the cellular mechanisms underlying the reversible heat-induced change in BTB integrity remain largely unknown.
Androgens are critical steroid hormones that regulate the expression of the male phenotype and the maintenance of spermatogenesis [17] . Androgen activities are mediated by the androgen receptor (AR), a member of the nuclear receptor superfamily. Upon androgen binding, AR translocates into the nucleus and interacts with various coregulators that function in a sequential and combinatorial manner to regulate the expression of AR-responsive genes [18] . Importantly, androgens and the AR play key roles in male spermatogenesis and fertility. Clinical results have suggested that males with an abnormal Ar gene might have a higher risk of infertility [19] , and the absence of AR expression in SCs from cryptorchid testes is correlated with a lack of spermatogenesis [20] . Previous studies have demonstrated that the SC-specific deletion of the AR affects SC barrier formation [21, 22] . Our in vitro observations have demonstrated that the level of AR protein is reduced immediately after heat treatment [16] , indicating that the AR likely is an upstream factor that affects BTB integrity during temporal heat stress. However, further investigation is required to determine whether the heat-induced reversible change in the BTB is directly mediated by the AR.
The SCs are typical epithelial cells; they are polarized and form TJs and apical ESs [23] . In epithelial cells, partitioningdefective (Par) proteins (e.g., Par3 and Par6) and atypical protein kinase C (aPKC) are recruited by the GTPase Cdc42 to form a polarity complex [24, 25] , and this polarity complex mediates the establishment of cell polarity in various tissues [26, 27] . Members of the Par complex are interdependent, and a loss of any one member leads to the mislocalization of the other members, further disrupting epithelial cell polarity [27, 28] . In the testes, the Par6-Par3-aPKC-Cdc42 polarity complex is localized to the BTB and apical ESs. The knockdown of Par3 or Par6 in rat SCs causes the transient loss of BTB-associated proteins at the cell-cell interface, thereby compromising the integrity of the BTB [23] . This finding suggests that the Par complex is an upstream regulator of BTB-associated proteins.
In the present study, we demonstrated that the heat-induced reversible BTB change is directly regulated by the AR. Overexpression of AR rescues the breakdown of the BTB caused by heat stress, and AR knockdown or treatment with an AR antagonist blocks the recovery of BTB integrity after heat treatment. Furthermore, our results indicate that the heatinduced reversible recovery of BTB integrity is regulated by the AR via the Par polarity complex.
MATERIALS AND METHODS

Animals and Treatments
All animal work was approved by the committee on animal care at the Institute of Zoology of the Chinese Academy of Sciences. For the heat-induced treatment, adult (age, 9-10 wk) male mice were anesthetized, and the lower third of the mouse body (including the hind limbs, tail, and scrotum) was submerged in a 438C water bath for 30 min. The control mice were anesthetized and kept at room temperature [15] . Flutamide (F9397; Sigma-Aldrich) dissolved in corn oil (2 lg/g body weight/day; Sigma) was subcutaneously injected into the heat-treated mice [29] [30] [31] ; the control mice received corn oil only.
The Ar þ/À mutation was maintained in a C57BL/6J-CBA mixed background. Ar À/Y mice were obtained by crossing male C57BL/6J mice and female Ar þ/À founders generated using zinc-finger nuclease technology [32] [33] [34] . The founder harbors a 4-bp deletion in the first exon of the Ar gene, which causes a frameshift in the Ar coding sequence. Ar cannot be detected in Ar À/Y mice due to nonsense-mediated mRNA decay (see Supplemental Fig. S1 ; all Supplemental Data are available online at www.biolreprod.org) [35] . DNA isolated from adult tails was used for genotyping. A 638-bp PCR fragment was amplified using the following primers: 5 0 -TGAGGCCGCTAACATAG CACCTC-3 0 and 5 0 -GTTCCCCTGGACTCAGATGTTCC-3 0 . PCR products were digested with the AvaI (New England Biolabs) enzyme. Because mutant males expressed a female-like phenotype, Sry PCR was used instead of enzyme digestion for genotyping.
Primary SC Isolation and Heat Treatment
A modified method was used to isolate primary SCs from the testes of 3-wk-old mice [15] . The testes were decapsulated, and the seminiferous tubules were pooled and washed (room temperature for 30 sec) with PBS three times. The tubules were incubated with 1 mg/ml of collagenase IV (Sigma) in Dulbecco modified Eagle medium/Ham F-12 (DMEM/F12; Corning Mediatech) for approximately 20 min at 378C on a shaker, washed (room temperature for 30 sec) twice with DMEM/F12, and further digested with 1 mg/ml of collagenase IV and 1 mg/ml of hyaluronidase (Sigma) for 10 min at 378C on a shaker. The tubules were allowed to settle and then washed (room temperature for 30 sec) twice with DMEM/F12, after which they were digested with 1 mg/ml of collagenase IV, 1 mg/ml of hyaluronidase, 1 mg/ml of trypsin, and 0.5 mg/ml of DNase I for 20-30 min at 378C on a shaker. This final digestion step produced a cell suspension containing primarily SCs and type A spermatogonia. The dispersed cells were then washed (room temperature for 30 sec) twice with DMEM/F12; placed in culture dishes in DMEM/F12 containing 10% fetal calf serum, 100 U/ml of penicillin, and 100 lg/ml of streptomycin sulfate; and incubated for 48 h at 338C and 5% CO 2 . After incubation, the cells were subjected to hypotonic treatment with 20 mM Tris (pH 7.4) at room temperature for 3 min to lyse the residual spermatogonia, and the unlysed cells were prepared for heat treatment.
The heat treatment of cultured primary SCs was performed as described previously [16] . Briefly, the cell dishes were fixed with a paraffin membrane and placed in a 438C sterile water bath for 30 min. After the heat treatment, the dishes were transferred back to an incubator (338C, 5% CO 2 ). The cell cultures were terminated at the indicated time points for further analysis.
Small Interfering RNA Transfection and Adenovirus Infection
Cells were cultured in DMEM/F12 supplemented with 2.5 ng/ml of epidermal growth factor, 5 lg/ml of bovine insulin, and 10 lg/ml of transferrin and plated on 35-mm culture dishes. For AR knockdown, SCs were transfected with 80 pmol of small interfering RNA (siRNA) using 4 ll of Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. The cells were harvested for Western blot and coimmunoprecipitation (co-IP) experiments at 72 h after transfection. A mouse AR (NM_013476) duplex sequence (5 0 -GGGCAAUUCAACCAUAUCUTT-3 0 ) was used for the knockdown, and nontargeting pooled siRNA was used as a control (Shanghai GenePharma). To overexpress AR, SCs were infected with adenovirus-AR (Ad-AR; multiplicity of infection, 20 pfu/cell) and analyzed via immunoblotting and co-IP as previously described [16] . Adenovirus-green fluorescent protein (Ad-GFP) served as a negative control.
Western Blot Analysis
Western blot analysis was performed as described previously [16] . The proteins were electrophoresed under reducing conditions in 12% SDS-PAGE gels and transferred to nitrocellulose membranes. The blots were incubated overnight at 48C with the primary antibody (see Supplemental Table S1 ), followed by incubation with an Odyssey goat anti-mouse or -rabbit IRDye 800CW secondary antibody (1:20 000; LI-COR Bioscience) for 1 h at room temperature. The specific signals and the corresponding band intensities were evaluated using an Odyssey Infrared Imaging system and software (Version 3.0; LI-COR Bioscienc).
RNA Extraction and Real-Time PCR
The testes were lysed with TRIzol reagent (Invitrogen). Total RNA was extracted according to the manufacturer's instructions. The RNA integrity was evaluated on a denaturing agarose gel, and cDNA was synthesized as previously described [36] . Each sample was measured in duplicate in at least three independent experiments. The threshold cycle (CT) values of the samples were normalized to the corresponding CT values of Gapdh, and the relative expression levels were calculated using the DDCT method [37] . The primer pairs used were as follows: Ar, 
Biotin Tracer Experiment
The integrity of the BTB was assessed using a biotin tracer as previously described [21] . Briefly, male mice were anesthetized, and approximately 50 ll of EZ-Link Sulfo-NHS-LC-Biotin (10 mg/ml; 21335; Pierce Chemical Co.), freshly diluted in PBS containing 1 mM CaCl 2 , were injected into one testis. The other testis was injected with 50 ll of 1 mM CaCl 2 in PBS as an internal control. The mice were euthanized 30 min after the injections, and their testes were removed and immediately embedded in OCT (Sakura). Cryosections (7 lm thick) were prepared for further staining.
Immunohistochemistry and Immunofluorescence Analyses
The testes were fixed with 4% paraformaldehyde and embedded in paraffin. Tissue sections (section thickness, 5 lm) were deparaffinized and rehydrated, followed by antigen retrieval in 10 mM sodium citrate buffer. For immunohistochemical analysis, the sections were blocked with 5% bovine serum albumin at room temperature for 1 h and then incubated with a primary antibody (see Supplemental Table S1 ) at 48C overnight. After washing at room temperature with PBS, the sections were incubated with the appropriate secondary antibody for 1 h, followed by further washing in PBS. Staining was LI ET AL.
visualized using a diaminobenzidine substrate kit (Zhongshan Golden Bridge Biotechnology). For immunofluorescence analysis, sections were blocked in blocking buffer (donkey serum, 0.3% Triton X-100 in PBS) for 1 h and then incubated with primary antibodies (see Supplemental Table S1 ) overnight at 48C. The sections were washed at room temperature three times (5-10 min each time) in wash buffer (0.3% Triton X-100 in PBS), incubated with fluorescein isothiocyanate-or tetramethyl rhodamine isothiocyanate-conjugated secondary antibodies (1:200; Jackson ImmunoResearch), and counterstained with 4 0 ,6-diamidino-2-phenylindole (Sigma) for 1 h to identify nuclei, followed by additional washes. All images were acquired using a Leica DMR Epifluorescence Microscope equipped with a Hamamatsu CCD camera. Testes from at least three mice in each group were analyzed.
Coimmunoprecipitation
The co-IP protocol was as previously published [38] with modifications. Briefly, 5 lg of normal rabbit immunoglobulin (Ig) G were added to 1 mg of SC lysate and incubated at 48C for 1 h, followed by precipitation with 100 lg of protein A/G agarose beads (Santa Cruz) for 1 h. After precipitation, the supernatant was collected (1000 rpm, 4 min). This preclearing step was performed to remove nonspecifically interacting proteins. Subsequently, the lysates were incubated with 2 mg of normal rabbit IgG (negative control) or rabbit anti-Par6 antibody on a rotary shaker overnight at 48C. This step was followed by incubation at 48C for 1 h with 100 lg of protein A/G agarose beads to extract the immunocomplexes. The beads were washed (room temperature for 30 sec) three times with lysis buffer containing 450 mM NaCl and once with lysis buffer lacking Triton X-100. Subsequently, the proteins were transferred onto nitrocellulose membranes and probed with rabbit anti-Par3, rabbit anti-aPKC, or rabbit anti-Cdc42 primary antibodies (see Supplemental  Table S1 ). The SC lysate (50 lg of protein) served as a positive control (input).
Statistical Analysis
Experiments were performed in duplicate and repeated at least three times. The quantitative results are shown as the mean 6 SEM. Differences were evaluated using Student t-test or one-way ANOVA followed by a two-tailed Dunnett test in SPSS software (Version 19.0; SPSS, Inc.). Probability values of less than 0.05 were considered to be significant.
RESULTS
AR Acts as an Upstream Factor to Regulate the HeatInduced Reversible BTB Change
Our previous study demonstrated that the ultrastructure and integrity of the BTB were disrupted on Day 2 after heat treatment and had recovered on Day 10 [15] . Among numerous FIG. 1. AR acts as an upstream factor to regulate the heat-induced reversible change in the BTB. A) In control testes (a), the AR protein was robustly immunolocalized to the nuclei of SCs (arrowheads), peritubular myoid cells, and Leydig cells. AR staining was notably reduced within the SCs (arrow) at 3 h after heat treatment (b). AR staining reappeared in SCs (arrowheads) on Day 3 after heat treatment (c). B) The steady-state level of the AR was markedly decreased in SCs immediately after heat treatment (H-0h) and then gradually recovered. The untreated group served as the control, and the H-0h, H-6h, H-12h, H-1D, H-2D, and H-3D groups represent samples taken at various time points after the 30-min heat treatment (e.g., 6 h after heat treatment [H-6h] and 3 days after heat treatment [H-3D]). C) The mRNA level of the androgen-repressed gene Ngfr was significantly increased, whereas the mRNA level of the androgen-activated gene Rhox5 was clearly decreased at 3 h after heat treatment. These changes were reversed on Day 3 after heat treatment. Gata4 was not regulated by AR and served as a negative control. Each bar represents the mean 6 SEM of three independent experiments. *P , 0.05. Bar ¼ 50 lm.
FIG. 2. AR overexpression rescues the down-regulation of BTB-associated protein expression in response to heat stress.
A) The steady-state levels of a TJ protein (ZO-1) and basal ES proteins (N-cadherin, E-cadherin, a-catenin, and b-catenin) were reduced in the Ad-GFP-infected group compared with the normal group on Day 1 after heat treatment. The steady-state levels of these BTB-associated proteins were increased in the Ad-AR-infected group compared with the Ad-GFP-infected group on Day 1 after heat treatment. B) The data shown in these histograms were normalized to b-tubulin. Each bar represents the mean 6 SEM of three independent experiments. *P , 0.05, **P , 0.01.
AR REGULATES HEAT-INDUCED BTB REVERSIBLE CHANGE
heat-responding proteins, AR disappeared in monkey primary SCs immediately after the termination of 30-min heat treatment [16] . In adult mice testes, we observed that the AR protein was strongly immunolocalized to the nuclei of SCs, peritubular myoid cells, and Leydig cells (Fig. 1Aa) . AR staining was apparently reduced in the nuclei of SCs at 3 h after heat stress (Fig. 1Ab, arrow) . However, the AR staining reappeared in SCs on Day 3 after heat treatment (Fig. 1Ac) . This phenomenon was further confirmed at the protein level in primary SCs using Western blot analysis. In addition, the level of AR protein was reduced immediately following 438C heat treatment for 30 min, after which it gradually recovered (Fig.  1B) .
Next, the transcriptional activity of AR was examined using real-time PCR analysis (Fig. 1C) . Nerve growth factor receptor (Ngfr) expression is repressed by androgen activity and upregulated by androgen deficiency or the inhibition of AR function [39] , and reproductive homeobox 5 (Rhox5) is an androgen-induced gene [40, 41] . As shown in Figure 1C , the mRNA level of Ngfr was significantly increased, and the mRNA level of Rhox5 was notably decreased, in the testes after heat treatment. Moreover, these changes were reversible, and the baseline levels were restored on Day 3 after heat treatment.
AR Overexpression Rescues the Down-Regulation of BTBAssociated Protein Expression Caused by Heat Stress
These results (Fig. 1) suggested that AR acts to regulate BTB integrity following heat stress. To confirm this hypothesis, AR overexpression in SCs was achieved by infecting SCs The levels of these BTB-associated proteins were decreased on Day 1 after heat treatment, and increases in the levels of these BTB-associated proteins were detected in control siRNA-transfected SCs on Day 3 after heat treatment. However, the expression of BTB-associated proteins was not increased in the Ar siRNA-transfected SCs on Day 3. C and D) The data in these histograms were normalized to b-tubulin. Each bar represents the mean 6 SEM of three independent experiments. *P , 0.05, **P , 0.01.
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with Ad-AR during the BTB disruption phase after heat treatment. As expected, the AR protein levels were not dramatically reduced, and the AR was still expressed at high levels in SCs infected with Ad-AR. We further found that the steady-state levels of a TJ protein (ZO-1) and basal ES proteins (N-cadherin, E-cadherin, a-catenin, and b-catenin) on Day 1 after heat treatment were significantly reduced in Ad-GFPinfected SCs compared with uninfected SCs (Fig. 2) . However, the levels of these BTB-associated proteins were significantly increased in the AR overexpression group compared with the Ad-GFP-infected group on Day 1 after heat treatment (Fig. 2) . SCs infected with Ad-GFP served as the control and exhibited no obvious change in the recovery of BTB-associated protein expression (Fig. 2) .
Loss of AR Blocks the Recovery of BTB-Associated Protein Expression after Heat Treatment
Both the expression and transcriptional activity of AR were recovered in SCs on Day 3 after heat treatment (Fig. 1) , preceding the recovery of BTB integrity in SCs, which occurred on Day 10 [15] . To further determine whether the AR plays a crucial role in heat-induced BTB recovery, the AR was knocked down by siRNA transfection. Control cells were transfected with nontargeting siRNA. The expression levels of BTB-associated proteins during the heat-induced BTB recovery phase were determined by Western blot analysis. Immunoblot analysis showed that AR expression was reduced by nearly 70% in the siRNA-transfected cells compared with the nontargeting siRNA control cells, demonstrating the effectiveness of the silencing (Fig. 3, A and C) . We found that AR knockdown in SCs resulted in significant decreases in the steady-state levels of TJ proteins (ZO-1 and occludin) and basal ES proteins (N-cadherin, E-cadherin, a-catenin, bcatenin, and c-catenin) (Fig. 3, A and C) . The expression levels of these BTB-associated proteins were also significantly decreased in animals on Day 1 after heat treatment. The significant increases in the steady-state levels of these BTBassociated proteins were detected in the SCs transfected with control-siRNA on Day 3 after heat treatment. However, the expression of BTB-associated proteins did not recover on Day 3 in the AR knockdown SCs (Fig. 3, B and D) . The significant difference between the control group and the AR knockdown group on Day 3 suggests that AR plays a crucial role in the recovery of BTB-associated protein expression during the recovery of BTB integrity after heat stress.
To support this finding, we tested the effect of an AR antagonist (flutamide) [16, 42] . TJ proteins (ZO-1 and occludin) and basal ES proteins (N-cadherin, E-cadherin, acatenin, and b-catenin) were expressed at lower levels in the group treated with flutamide plus testosterone than in the group treated with testosterone alone (Fig. 4) . On Day 3 after heat treatment, the levels of the BTB-associated proteins had recovered in the testosterone group but not in the flutamideplus-testosterone group (Fig. 4) . Both the AR knockdown data (Fig. 3 ) and the AR antagonist data (Fig. 4) illustrate that loss of AR function can block the recovery of BTB-associated protein expression after heat stress.
In Vivo Treatment with Flutamide Blocks the Reversible Recovery of BTB Integrity after Heat Treatment
To demonstrate the critical role of AR in the heat-induced reversible change of the BTB, an in vivo subcutaneous injection of the AR antagonist (flutamide) in mice was performed. We injected a biotin tracer into the testes of live anesthetized mice and examined the subsequent changes in BTB integrity. In control testes, the biotin tracer was observed in the interstitial spaces and basal compartment but was excluded from the adluminal compartment (Fig. 5, A-C) . However, in the flutamide-treated testes, the biotin tracer passed through the BTB and penetrated the adluminal compartment of most seminiferous tubules on Day 3 after treatment (Fig. 5, D-F) , indicating that the integrity of the BTB was damaged; similar results were observed on Day 3 after heat treatment (Fig. 5, G-I ).This result suggested that the AR plays an important role in the heat-induced disruption of BTB integrity.
In addition, the disruption of BTB integrity caused by heat treatment was reversible. On Day 10 after heat treatment, very A) The levels of TJ proteins (ZO-1 and occludin) and basal ES proteins (N-cadherin, E-cadherin, a-catenin, and b-catenin) were significantly decreased in the flutamide-plus-testosterone group compared to the testosterone-only group. On Day 3 after heat treatment, the levels of BTB-associated proteins were recovered in the testosterone group but not in the flutamide-plus-testosterone group. F, flutamide (10 À6 M); T, testosterone (10 À7 M). B) The data in these histograms were normalized to btubulin. Each bar represents the mean 6 SEM of three independent experiments. *P , 0.05.
AR REGULATES HEAT-INDUCED BTB REVERSIBLE CHANGE
little biotin tracer was detected in the adluminal compartment, indicating that the integrity of the BTB had been restored (Fig.  5, J-L) . In contrast, in flutamide-treated testes, the biotin tracer was observed in the adluminal compartment on Day 10 after heat treatment, indicating that the recovery of BTB integrity was blocked (Fig. 5, M-O) . These results imply that the reversible recovery of BTB integrity after heat treatment is directly regulated by AR.
Par Polarity Complex Is a Candidate Target of AR
Androgen and its receptor, AR, may regulate the changes in cell morphology [43] , namely the loss of epithelial markers and elevated mesenchymal marker expression that are characteristic of epithelial-mesenchymal transition. As expected, our immunofluorescence and Western blot analyses showed that the protein level of E-cadherin (an epithelial marker) was reduced, and the protein level of vimentin (a mesenchymal marker) was increased, in the AR-ablated group relative to the control group (Fig. 6, A and B) .
A recent study demonstrated that Par3 or Par6 knockdown results in a transient loss of selected BTB proteins at the cellcell interface, thereby compromising BTB integrity in the seminiferous epithelium during spermatogenesis [23] . To investigate whether the Par polarity complex is targeted by the AR during heat treatment, both Ar À/Y mice and AR knockdown SCs were used. In wild-type testes, the colocalization of Par6-Par3, Par6-aPKC, and Par6-Cdc42 was observed at the BTB sites (Fig. 6C, white arrows) . In Ar À/Y testes, however, this colocalization was largely lost (Fig. 6D, white  arrowheads) .
To further demonstrate the effect of AR loss on the interactions of Par complex components, co-IP analysis was performed in primary SC cultures treated with Ar siRNA or control siRNA. As expected, the Par6-Par3, Par6-aPKC, and Par6-Cdc42 protein-protein interactions were lost in the Ar siRNA-treated SCs (Fig. 6F) , whereas SCs treated with the control siRNA retained these interactions (Fig. 6E) . These results show that the Par polarity complex is a candidate target of AR and that the disruption of the Par polarity complex likely is the determining factor of AR-induced BTB disruption following heat stress.
AR Plays a Crucial Role in the Reversible Change in the BTB via the Par Polarity Complex Induced by Heat Stress
The results described above imply that the recovery of BTB integrity after heat treatment was regulated by AR. We hypothesized that the Par polarity complex, a candidate target of the AR, contributes to this process. To test this hypothesis, we used a co-IP assay to detect the interactions of the Par polarity complex components during heat treatment. Our co-IP results showed that the interactions of Par6-Par3, Par6-aPKC, and Par6-Cdc42 were lost after 30 min of 438C heat treatment (Fig. 7A) . However, these protein-protein interactions were rescued (Fig. 7B) when the AR was overexpressed in SCs after heat treatment, and this rescue was accompanied by the restoration of BTB-associated protein expression (Fig. 2) .
In addition, we showed that the heat-induced disruption of the Par polarity complex was also reversible. On Day 3 after heat treatment, the interactions of Par6-Par3, Par6-aPKC, and Par6-Cdc42 were recovered in the control groups (Fig. 7, C and  E) . However, these protein-protein interactions were not recovered when SCs were subjected to AR knockdown or treated with flutamide after heat treatment (Fig. 7, D and F) and were accompanied by the failure of BTB recovery (Figs. 3-5 ).
Taken together, these results illustrated that the AR plays a crucial role in the reversible change of BTB integrity via the regulation of the Par polarity complex during heat treatment.
DISCUSSION
The present study demonstrates that the heat-induced reversible change in the BTB is directly regulated by the AR. Our data also indicate that the Par polarity complex is a   FIG. 5 . In vivo treatment with flutamide blocked the recovery of BTB integrity after heat treatment. Flutamide (2 lg/g body weight/day) dissolved in corn oil was subcutaneously administered to adult mice that were subjected to 438C heat treatment for 30 min. In the testes of the control mice, the biotin tracer was observed in the interstitial spaces and basal compartment but was excluded from the adluminal compartment AR REGULATES HEAT-INDUCED BTB REVERSIBLE CHANGE candidate target of the AR. Moreover, the disruption of the Par polarity complex likely is a factor in the AR-induced BTB disruption following heat stress.
In most mammals, the scrotal temperature is lower than the abdominal temperature, and the maintenance of this lower temperature is essential for normal spermatogenesis [44] . Our previous studies demonstrated that heat treatment could induce reversible changes in SC function [13] [14] [15] [16] . In the present study, immunohistochemistry and real-time PCR revealed that the protein expression and transcriptional activity of the AR in the testes were significantly reduced at 3 h after heat treatment and recovered at 3 days at heat treatment (Fig. 1) . One of the main functions of the BTB, which is present between adjacent SCs, is the regulation of the movement of products both into and out of the seminiferous epithelium [45] . Thus, a biotin tracer experiment was performed to assess the general BTB function [15, 21] . Our biotin tracer study showed that the integrity of the BTB first appeared to be damaged on Day 2 after heat treatment and was still damaged on Day 3 after heat treatment (Fig. 5) . However, the BTB integrity had mostly recovered by Day 10 after heat treatment (Fig. 5) . These findings are consistent with those of a previous study [15] and suggest that the decreased AR expression and transcriptional activity before the disruption of BTB integrity and the recovery of AR expression represent a first step in the recovery of BTB integrity after heat treatment.
Androgens and AR are important for the regulation of both TJs and adherens junctions [17, 46] . The SC-specific ablation of AR (SCARKO) results in the loss of claudin 3 and an increase in the permeability of the BTB [21] . The mRNA levels of junction-associated molecules such as Cldn3, Cdh2, Espn, Zo-1, and Jam3 were also significantly decreased in SCARKO mouse testes, affecting the maturation, barrier formation, and cytoskeletal development of the SCs [22] . Our observations are consistent with those previously published in the literature. In the present study, Western blot analysis showed that AR knockdown in SCs by siRNA resulted in significant decreases in the protein levels of ZO-1, occludin, N-cadherin, a-catenin, and b-catenin (Fig. 3) . More importantly, these results corresponded with the heat stress phenotypes, in which the reversible change in AR expression occurred before the loss of BTB-associated proteins (Figs. 1, 3, and 4) .
Based on these observations, we hypothesized that the heatinduced reversible change in the BTB might be directly regulated by AR through an unknown mechanism. To test this hypothesis, we used an adenovirus to overexpress AR in SCs during the BTB disruption phase after heat treatment. As expected, the significant decreases in the protein levels of ZO-1, N-cadherin, E-cadherin, a-catenin, and b-catenin were rescued by AR overexpression on Day 1 after heat treatment (Fig. 2) . In addition, we used Ar siRNA and flutamide (an AR antagonist) to inhibit the AR in SCs during the BTB recovery phase after heat treatment. As expected, the recovery of BTBassociated protein expression was blocked on Day 3 after heat treatment in the AR knockdown and flutamide-plus-testosterone groups (Figs. 3 and 4) . In the flutamide-treated testes, the biotin tracer was still able to enter the adluminal compartment on Day 10 after heat treatment, indicating that the recovery of BTB integrity was blocked by this AR antagonist (Fig. 5) . Taken together, these results strongly suggest that the AR plays a crucial role in the heat-induced reversible change in the BTB.
Cell polarity is essential for many biological processes. The Par6-Par3-aPKC-Cdc42 complex plays a role in various cell polarization events, such as asymmetric cell division, directional cell migration, and the establishment of epithelial polarity [47] [48] [49] . In the testes, the Par polarity complex serves as a ''molecular switch'' that transduces signals between the BTB and apical ESs [23] . In addition, Cdc42 facilitates not only the disruption of ''old'' TJs via transforming growth factor (TGF) b3-enhanced endocytosis but also the targeting of endocytosed proteins to the ''new'' BTB site via transcytosis, likely in cooperation with Par6 and 14-3-3 (Par5) [50] . A recent study revealed that Par3 or Par6 knockdown induces the transient loss of certain BTB-associated proteins (N-cadherin, JAM-A, and a-catenin) at the cell-cell interface, thereby compromising the integrity of the BTB [23] . These investigations suggest that the Par complex is an upstream regulator of BTB-associated proteins. In the present study, the colocalization of Par complex components at BTB sites was largely lost in Ar À/Y testes (Fig. 6D) , and the protein-protein interactions among Par polarity complex components were disrupted in Ar siRNA-treated SCs (Fig. 6, E and F) . Furthermore, the overexpression of the AR in SCs prevented the disruption of these protein-protein interactions after heat treatment. The restoration of these interactions in SCs after heat treatment was blocked by AR knockdown or flutamide treatment (Fig. 7) . These results illustrate that the Par polarity complex is a target of the AR and suggest that the disruption of the Par polarity complex likely is the key factor regulating AR-induced BTB disruption after heat stress. However, further studies will be required to elucidate the molecular mechanisms underlying this phenomenon.
It has been demonstrated that ROCKs (Rho kinases) impairs active Par complex formation by phosphorylating Par3, thereby inhibiting cell polarization events [51] . Several studies have also shown that TGFb signaling can promote cell polarity transformation by activating the phosphatidylinositol 3-kinase [52] , mitogen-activated protein kinase [53] , and Par6 polarity pathways [54] . TGFb1 binds to TGFb-receptor II and TGFbreceptor I, inducing the phosphorylation of TGFb-receptor Iassociated Par6. The phosphorylation of Par6 leads to a loss in Rho A, which is important for the disruption of TJs [54, 55] . In addition, the epidermal growth factor receptor signaling pathway has been reported to control TJ assembly by phosphorylating Par3 in epithelial cells [56] . We speculated that AR may influence ROCK or participate in the TGFb or epidermal growth factor receptor signaling pathways to affect the phosphorylation status of Par polarity proteins, ultimately disrupting polarity complex assembly in SCs.
In conclusion, the heat-induced reversible change in BTB integrity is regulated by AR via the Par polarity complex.
